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Proteasome: a complex protease with a new fold
and a distinct mechanism
The structure of the proteasome from Thermoplasma acidophilum
introduces threonine proteases as a fifth class of proteolytic
enzymes, and offers insights into the catalytic activity of this
complicated piece of molecular machinery with its 14 active sites.
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For the past 20 years, our knowledge of the structure and
enzymatic activity of proteases has been changing rather
slowly. It has been generally accepted that proteolytic
enzymes belong to one of four well-characterized fami-
lies, and that these enzymes are comparatively simple.
Crystal structures of representative enzymes from each
class have been determined at high resolution, often in
the presence of specific inhibitors. Trypsin and chymo-
trypsin exemplify one class, the serine proteases, whose
catalytic sites contain the triad, Ser-His-Asp; the active
sites of other serine proteases, such as subtilisin, are very
similar, although the overall fold of the peptide chain
is quite different. Papain provides a well-characterized
example of a cysteine (thiol) protease, thermolysin and
carboxypeptidase are examples of metalloenzymes; and
pepsin, renin, and a dimeric protease encoded by retro-
viruses belong, among others, to the class of aspartic
proteases. All these enzymes are active as monomers, or
at most as simple oligomers. While the divisions between
the classes is sometimes slightly fluid, and cysteine pro-
teases with a catalytic serine (or serine proteases with a
catalytic cysteine) have been reported, the field has been
stable enough to provide ideal material for biochemistry
textbooks.
wide, made up of four rings of subunits. The subunits
found in eukaryotic proteasomes may show considerable
variation of subclasses, but the simpler proteasome from
the Archaebacterium, Thermoplasma acidophilum contains
only two types - the a-subunit and the 3-subunit. The
two inner rings of subunits each consist of seven
[3-subunits, whereas the outer rings each contain seven
a-subunits (Fig. 1). The molecular mass of the 20S pro-
teasome approaches 700000 but there is also a larger 26S
proteasome complex, that contains additional regulatory
parts and has a mass of -2 million. These are clearly not
simple molecules.
Suddenly this static picture has suffered a major jolt by
the addition of a new and fascinating class of proteases.
The prototype is called the 20S proteasome [1-3]. For
quite some time proteasomes have been known to be
proteolytically active complexes. They have been studied
by a variety of techniques, but the identification of their
enzymatic character has proven to be elusive. In general,
they are capable of processing misfolded and denatured
proteins in a rather non-specific manner. These enzymes
also play a crucial role in the ubiquitin-dependent proteo-
lytic pathway [4] and have been implicated in processing
antigens for presentation by MHC class I molecules [5].
Proteasomes are multicatalytic protease complexes found
in all eukaryotic cells and some Archaebacteria, with
each molecule consisting of at least 28 subunits. Electron
microscopy has been capable of providing considerable
detail of the quaternary structure of these molecules [61.
Each 20S proteasome is a cylinder 150 A long and 110 A
Fig. 1. Schematic model of a proteasome obtained by electron
microscopy and X-ray diffraction. The outer rings (red) each con-
sist of seven oa-subunits, whereas the inner rings (blue) are each
made up of seven 3-subunits.
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However, the recently determined crystal structure of the
20S proteasome [7] coupled with mutational analysis [8],
has shed considerable light on this system. Before this
major advance, it was impossible even to classify this
enzyme properly. Proteasomes had been found to be
largely non-specific, with trypsin-like, chymotrypsin-like,
and peptidyl-glutamylpeptide hydrolase activities. Thus
basic, hydrophobic, and acidic residues could be found on
the carboxyl side of the cleaved peptide bond, and the
activity could be inhibited by a variety of inhibitors nor-
mally associated with different proteolytic enzymes. The
amino acid sequences of the subunits of proteasomes had
no obvious counterparts in other proteins.
The quaternary structure of the proteasome determined
in the course of the recent crystallographic investigations
is in good agreement with the previous data obtained
mostly with the use of electron microscopy, including
tagging the molecules with Wtibodies. The point group
symmetry of the molecule is 72, with the seven-fold axis
along the cylinder, and the two-fold axes perpendicular
to it. This arrangement, although rare, is not unpre-
cedented: it was recently reported for the chaperonin,
GroEL [9]. This similarity extends only to the packing of
the subunits, however; the structural details of these
molecules differ widely, and there is no similarity in the
tertiary structure of the subunits.
The two types of subunits forming the T acidophilum
proteasome are similar in their three-dimensional struc-
ture, each forming a sandwich of two five-stranded
antiparallel sheets, flanked by several helices (Fig. 2).
While od/3 proteins are common and many have been
described, the exact topological arrangement of protea-
some subunits is unique, providing them with a fold that
has not been seen previously. Only the -subunits
exhibit proteolytic activity, whereas the oa-subunits are
enzymatically inactive. The subunits are packed very
tightly, and although it is possible to see the expected
channel extending along the length of the molecule, it is
quite narrow in places. In particular, the opening
between the outer ao-subunits is as narrow as 13 A, mak-
ing it impossible for non-denatured proteins to gain
access to the active sites. The central cavity, surrounded
entirely by 3-subunits, is over 50 A in diameter, and is
the site of catalytic activity. Two other, slightly smaller
cavities can be found on the interface between the (x-
and 3-subunits.
Both mutational analysis [8], and particularly the crystal
structure [7] of the complex of proteasome with the cal-
pain inhibitor I, (Ac-Leu-Leu-norleucinal, a potent
inhibitor of the cleaving activity of calpain on Suc-Leu-
Leu-Val-Tyr-AMC), have been used to map the catalytic
center of the molecule. Surprisingly, the proteasome
active site is not directly equivalent to the active sites in
any of the other known proteases. Instead it is character-
ized as a threonine protease, with the enzymatic activity
provided by a catalytic tetrad consisting of the hydroxyl of
Thrl, -amino group end of Lys33, and carboxylate of
Fig. 2. Ribbon drawing of the catalytic p-subunit of proteasome,
with ct-helices labeled H (red) and the P-strands labeled S (blue).
The top left corner shows the location of the subunit within the
proteasome complex (yellow sphere). The fold of the non-cat-
alytic -subunit is similar, despite the low level of sequence
homology. (Reproduced from [7], with permission.)
Glu17, as well as the oa-amino group of Thrl. Although
this identification is based mainly on a 4 A difference
electron-density map, this map is very clear (Fig. 3), and
the identification of the active site is strongly supported
by mutation data. It is postulated that the hydroxyl of
Thrl is the nucleophile of peptide hydrolysis, with its
nucleophilic character enhanced by the interaction with
the basic amino group of Lys33, which is in turn oriented
by the carboxylate group of Glu17. This picture clearly
bears some resemblance to the classic catalytic triad of
serine proteases, but with a twist - threonine is used
instead of a serine, a lysine replaces a histidine, and a glu-
tamic acid substitutes for an aspartic acid. One problem
with the tetrad postulated for the proteasome active site is
that lysine is unlikely to be involved directly in proton
shuttle, and thus its role cannot be the same as that of his-
tidine. This difficulty is circumvented by postulating that
the amino group of Thrl plays the role of proton accep-
tor, thus converting the classical triad into a tetrad.
Modifications of the standard mechanism that are similar
in some aspects to those postulated for proteasomes have
previously been reported for other enzymes. Thus, for
example, the active site of 3-lactamase [10] consists of a
serine, a lysine, and a glutamic acid with a geometry
quite similar to that observed in the proteasome,
although the detailed topology of the active site is quite
different. A serine and a lysine are implicated in the cat-
alytic mechanism of a leader protease from Escherichia coli
[11]. Whereas the presence of a catalytic threonine in
proteasome is novel in a protease, a rather similar catalytic
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Fig. 3. Difference Fourier map (F0-Fc) of
the calpain inhibitor (in ball and stick
representation) at 4 A resolution super-
imposed on the active site of the -sub-
unit of a proteasome. (Reproduced from
[7], with permission.)
triad has been reported for asparaginases, which, after all,
are also hydrolases [12,13]. In both the proteasome and in
asparaginase, threonine can be replaced by a serine with
only minimal change in enzymatic properties, although
in the former case the susceptibility to a specific inhibitor
of serine proteases is increased by an order of magnitude.
Furthermore, in both enzymes a lysine is found to inter-
act directly with the catalytic threonine, as well as with a
carboxylic group (aspartic acid in asparaginase, glutamic
acid in proteasome). Despite these similarities, the details
of the catalytic process in the two enzymes will most
likely be found to be quite different.
The crystallographic investigation of the proteasomes
presented special technical challenges. The asymmetric
unit of the crystal contained a molecule of molecular
mass approaching 700000, making the determination of
the structure far from trivial. Indeed, the procedures used
to determine the structure were more similar to those
used in virus crystallography than those used in crystal-
lography of enzymes. While three heavy-atom derivatives
provided initial data on the quaternary structure and on
the orientation of the molecule, experimentally-derived
phases were only useful to -7 A resolution. The seven-
fold symmetry could readily be determined from the
rotation function analysis of the diffraction data [14].
Extension of the resolution from 7 A to 3.4 A relied on
phase improvement resulting from map averaging. Even
the size of the detectors used to measure the X-ray data
was a problem, ultimately limiting the resolution of the
structure to less than the limit of diffraction of the crys-
tals. On the other hand, the resulting map was excellent,
and at 4 A resolution even the inhibitor could be traced
without ambiguity (Fig. 3). In this respect, also, the
proteasome behaved like a virus.
How can the reported structure of the proteasome
explain its ability to cut a the polypeptide chain into
fragments of 7-8 amino acids, the size of the protea-
some-processed antigen fragments that are presented by
MHC class I molecules? It appears that only the part of
the substrate immediately adjacent to the peptide bond
that is to be cleaved makes clear contacts with the
enzyme. The central cavity of the proteasome contains
14 independent active sites, with the closest distance
between them being about 28 A, corresponding to the
length of an extended peptide chain of about 7-8 amino
acids. If the lifetime of the acyl-enzyme intermediate is
sufficiently long, the bound substrate might find another
active site before being released from the first one, lead-
ing to a second cut 7-8 amino acids from the first. If,
however, the substrate is released before the second
cleavage takes place, then any length of peptide can be
achieved, in line with the observed low specificity of the
proteasome. It is quite clear from the structure why the
constricted access to the central cavity prevents protea-
some cleavage of native proteins, or even denatured pro-
teins tagged with a particle 20 A in diameter, whereas
other denatured proteins, such as ao-lactalbumin, can
readily be processed [15].
Whereas the structure of 20S proteasome goes a long
way towards explaining the mechanism of action of this
fascinating piece of molecular machinery, it does not
explain it all. The regulatory functions, in particular, are
still unclear. It is not obvious if the only role of the a-
subunits is to create a gate preventing non-denatured
proteins from reaching the active site of the proteasome,
or if they play any other roles as well. There is also no
clue about why and how the larger 26S proteasome, with
its regulatory parts, functions in an energy-dependent
fashion. Answers to these and many other questions will
necessitate even more demanding and difficult experi-
ments using crystallography, electron microscopy, and
other structural techniques.
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